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ABSTRACT 


This  iqxjrt  summarizes  the  woric  accomplished  dmxigh  compter  simulation  to  understand  die 
impact  of  the  hydiomediamcal  turbine  assembly  (TA)  fud  control  on  rocket  gas  ingeffion  induced 
engine  surges  on  die  AH-1  (Cobra)  helicopter.  These  sur;^  exdte  the  lighdy  damped  toraonal 
modes  of  die  Cobra  rotor  drive  train  and  can  cause  overt(»queing  of  die  tail  rotor  shaft 

The  simulation  studies  show  that  the  hydroihedianical  TA  control  has  a  n^ligible  effect  on  drive 
train  resonances  because  its  reqxinse  is  suffidendy  attenuated  at  die  resonant  iiequendes.  However, 
a  digital  electronic  control  woridng  dirough  die  TA  contid's  separate,  ane[]^ncy  fuel  metering 
system  has  been  identified  as  a  solution  to  the  overtorqueing  problem.  State-of-the-art  software 
widiin  the  dectronic  control  can  provirfe  active  damping  (ff  die  rotor  drive  train  to  diminate  exoesave 
torque  spkes  due  to  ai^  disturbances  induding  engine  surges  and  aggresrive  hdicopter  maneuvers. 

Modifications  to  the  existing  TA  hydtomechanical  control  are  rdativdy  minor,  and  existing  en^ne 
sensors  can  be  utilized  by  die  dectnxiic  control.  Therefore,  it  is  conduded  that  die  conibination  of 
full  authority  digital  electrcxiic  control  (FADEQ,  widi  hydrranechanical  badaqi  uang  the  existing 
TA  control  enhances  flight  sa^,  improves  helicopta’  performance,  reduces  pilot  wotldoad. .  .and 
provides  a  substantial  payback  ^  very  little  investment 
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PREFACE 


Hiis  is  the  final  iqxnt  covering  woric  conq)l^ed  under  Contract  NAS3-2607S  during  the  poiod 
Sq)tanber,  1992  to  October,  1992. 

The  program  was  conducted  under  the  tedinical  direction  of  Messrs.  Geoige  Bobula,  U.S.  Army 
Propulsion  Directorate  and  Mike  McCall,  U.S.  Army  Aviation  Systems  Command,  ix  the  NASA 
Lev^  Research  Center,  Qevdand,  Ohio.  The  woric  was  performed  Coltec  fodustries,  Chandlo* 
Evans  Control  Systems  Division.  Mr.  Ray  Zagransid  was  Program  Manago*  and  Frank  Tokarsld, 
Mihir  Desai,  and  Martin  Books  were  foe  principal  engineos. 
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SUMMARY 


A  non-linear  ocMiqHiter  siinulation  of  the  Chandler  Evans  TA  hydiomechanical  fud  ocxitrol, 
Lycomii^  p3  engin^  and  Bell  Helicopter  AH-1  Cobra  airvehicle  was  configured  on  a  386  based 
PC.  This  ^ulation  is  capable  of  nxxlding  the  engine  and  heUcopto’  fliroughout  its  operating  range 
fiom  engine  startup  to  maximum  powo-  and  from  sea  levd  to  20,000  ft 

MK66  lodfid  firings  were  simulated  by  disturbing  the  en^e  inlet  conditions  with  pressure  (PI)  and 
temperature  (Tl)  pulses  iqjresentadve  of  hot  gas  ingestions.  These  pulses  were  applied  as  single 
shots  and  as  multiple  firings  at  the  two  pilot  sdectable  frequencies  (6.3  Hz  and  8.3  Hz). 

It  was  shown  fiiat  the  hydromechanical  fud  control  filtered  out  the  high  frequency  PI  and  Tl 
disturbances  fiom  its  mdoed  fud  flow  and  compressor  geometry  control  ouqruts.  Therefore,  the 
dominant  effect  to  the  hdicopter  was  detomined  to  be  the  repeated  engine  surges  that  occur  during 
multiple  rocket  firings.  These  result  in  torque  disturbances  to  the  rotor  drive  train  at  frequencies  very 
near  file  tail  rotor  resrxiant  mode  (7.3  Hz).  Under  these  conditions,  the  lightly  damp^  rotor  drive 
train  rescxiates  beyond  the  normal  operating  torque  limits  of  the  tail  rotor  shaft. 

Methods  of  redudng  engine  power  via  fuel  flow  and  orgine  geometry  in  an  attempt  to  lower  the 
nominal  value  of  drive  train  torque  and  thus  the  peak  torque  oscillation  were  unsuccessful.  The 
simulatioa  revealed  that  these  potentially  corrective  inputs  n^ed  to  be  applied  very  rapidly  and  that 
these  inputs  acted  as  additional  distur^ces  to  the  rotor  drive  train.  Therefore,  larger  resonant 
torque  ^)ikes  were  caused  as  compared  to  doing  nothing. 

A  solutioh  to  this  dilonma  was  found  to  be  the  incorporation  of  "active  damping"  of  the  rotor  drive 
train  resonances  via  the  fiist  combustive  torque  response  of  the  engine.  Combustive  torque  is  that 
fiiennodynamic  competent  of  oi^ne  output  torque  that  is  achieved  via  additional  aigine  bum  flow 
at  a  constant  gas  genoator  ^)eed.  Since  die  gas  gaierator  does  not  have  to  change  speed, 
combustive  torque  resptxise  is  fast  Active  damping  ^lies  combustive  torque  in  direct  opposition 
to  drive  train  osdllations  in  orcter  to  reduce  thdr  magnitude. 

An  dectrcHiic  control  with  multivariable  control  algorithms  specifically  sized  to  damp  the  rotor  drive 
train  resonances  via  the  engine’s  combustive  torque  was  simulated  and  found  to  keq)  tail  rotor  drive 
shaft  torque  spikes  widim  normal  qperating  limits.  This  performance  was  achieved  during  single  as 
wdl  as  multi^e  rocket  firings.  This  controller  also  provides  an  inherently  faster  engine  and  rotor 
q)eed  control  locq)  fiir  normal  operation.  Thus,  transient  rotor  speed  droop  and  engine  torque 
ovashoots  during  aggresave  maneuvers  are  significantly  reduced  compared  to  the  existing  bill-of- 
material  control.  Thus,  a  ^  benefit  is  increased  helicopter  agility  with  less  pilot  workload. 
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A  pidilhinary  design  die  dectronic  controller  \vas  made.  An  airframe  mounted  M  audioiiQ^ 
digital  dectronic  contrd  (FADEC)  communicating  via  a  small  dectiic  motc^  interfrce  to  die  existing 
TA  l^dromedianical  control  ivas  die  most  straight  forward  and  cost  effective  installation.  The 
dectiic  motor  rotates  the  sqaiate  emagenQr  fod  valve  in  the  TA  control  vMe  the  primary 
hydromechanical  control  remains  qierational  with  its  fod  valve  not  in  control  of  en^ne  fod  flow. 
If  foilure  of  the  dectronic  control  should  occur,  fod  flow  remains  flxed  and  the  pilot  can  transfer  to 
die  primary  hydromedianical  contid.  Thus,  the  state^ff-die-ait  decticxiic  control  is  backed  up  by 
the  existing  TA  control.  Flight  safety  is  improved  as  wdl  as  hdicopter  performance. 

The  esdmafed  cost  (ff  adding  die  FADEC  and  making  modifications  to  the  TA  hydromechanical 
assembly  is  equal  to  tyiprmciniatdy  die  cost  of  ovahauling  die  existing  TA  ccxitrol.  Thus  a 
substantial  payback  in  heHcqpto’  sa^  and  performance  can  be  realized  for  voy  litde  investment 


INTRODUCTION 

The  AH-1  Cobra  helicopter  has  die  c^ability  to  launch  2.75  inch  folding  fin  aerial  rockets  (FFARs) 
equipped  with  Mark  66  (MK66)  rocl^  motors  to  engage  batdefidd  targets.  Fbllowing  a  class  A 
acddmt  in  which  an  AH-1  suffered  a  tail  rotor  drive  shaft  Mure  while  laundiing  MK66  FFARs, 
a  jdnt  engineering  invesdgalion  of  die  AH-IF  hdicopter  was  conducted  by  the  Airworthiness 
Qualification  Test  Directorate  (RQTD)  of  the  U.S.  Army  Aviation  Technical  Test  Center  and  the 
U.S.  Army  Aviation  Applied  Technology  Directorate  (AATD).  The  results  of  diis  investigation 
whidi  recommend  an  engine  inlet  shidd  to  deflect  rocket  exhW  gases  away  from  die  engine  are 
oxitained  in  a  U.S.  Army  Test  and  Evaluation  Command  (TECOM)  Hnal  Report,  TECOM  Project 
No.  4-C0-23(MX)(W)16,  dated  June  1991. 

Subsequent  to  this  woric,  the  U.S.  Army  Aviation  Systems  Command  (AVSCOM)  in  amjunction 
with  the  NASA  Lewis  Research  Center  directed  Chandler  Evans,  the  engine  fod  ccxitrol  supplier 
for  the  AH-1  helicopter,  to  investigate  potential  modificaticxis  to  die  fuel  cxmtrol  to  alleviate  the 
rocket  fire  surge  {Hoblem.  The  work  at  Chandler  Evans  was  based  on  a  computer  ^ulaticm  of  the 
engine,  fud  control,  and  AH-1  helicqXer. 

The  objective  of  die  investigation  was  not  to  predude  engine  surge  following  hot  gas  ingesticxi  but 
to  recova-  smoodily  from  surge  and  avdd  overtoiqudng  the  rotor  drive  system.  This  objective,  if 
achieved,  would  have  tqifdication  not  only  to  rocket  firings,  but  to  hdicc^iter  qiaadcxi  in  general 
whoe  inlet  distortion  effects  and  engine  deterioration  can  also  cause  ^  engine  to  surge  and 
potentially  cause  damage  to  die  rotor  drive  train. 
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SIMULATOR  MOPa 


The  simulation  model  is  a  non-linear  rqjresentalion  of  the  complete  AH-1/T53  engine  control  system 
as  mustialed  in  Figure  1.  The  1500  SHP,  T53-L-703  tuiboshaft  engine  is  coupled  to  the  BeU 
Helicopter  AH-IF  Cobra  Gunship’s  rotor  drive  train.  The  Chandler  Evans  TA-7  hydromechanical 
control  is  inter&ced  to  the  Cobra  coclqpit  and  controls  engine  power  in  reqxxise  to  pilot  commaixls. 
Rotor  speed  governing  as  wdl  as  engine  overfiieling,  surge,  and  blowout  protection  are  provided  by 
the  TA  ccxitrol.  Details  of  the  complete  engine,  control  and  airframe  models  are  included  below. 

Fuel  Control 

The  Chandler  Evans  TA  ccxitrol  is  a  full  audiority  hydromechanical  assembly  that  schedules  engine 
fiid  flow,  compressor  inlet  guide  vane  position,  and  intostage  bleed  band  positim  for  safe  engine 
qieralicxi  fliroughout  its  opoating  envelope. 

A  simplified  functional  block  diagram  of  the  TA  hydromechanical  conputa*  is  illustrated  in  Figure 
2.  The  control  law  is  based  on  V/f/8,  where  5  =  Pl/14.7.  There^,  the  proportional  powCT 
turbine  and  gas  generator  ^)eed  governors  both  modulate  Wf/S,  The  govOTK>r  requesting  the  lowest 
Wf/8  is  in  ccmtrol  of  the  engine. 

Topically,  the  pilot  sets  foe  gas  generator  governor’s  PLA  to  maximum.  This  provides  a  maximum 
powff  available  setting  to  protect  the  engine  against  over^)eeds  and  overtorques.  The  collective  pfeh 
stick  in  die  cockpit  is  then  modulated  to  fly  the  hdicqiter.  This  stick  is  mecfoanically  coupled  to  the 
power  turbine  govonor  leva*  which  sdiedules  low  V/f/8  for  low  collective  pitch  settings  (low  power) 
and  high  for  high  collective  jntch  settings  Ough  power).  This  arrangement  essentially 
schedules,  on  an  open  loop  basis,  die  engine  power  nee^  to  keq>  the  helicopter  rotor  ^leed 
constant  at  various  load  requirements  0.e.,  collective  pitch  settings). 

However,  due  to  varying  flight  ccxiditions  such  as  airspeed,  climb  and  descent  rate,  rapid  collective 
pitch  pulls/chqis,  etc.  die  aerodynamic  rotor  loads  vary  and  tend  to  change  rotor  ^leed.  The 
proportional  power  governor  turbine  senses  these  dianges  and  automatically  compensates  Wf/d  (and 
thus  engine  power)  to  minimize  rotor  speed  changes.  Furdiomote,  the  i^ot  has  the  ability  to  trim 
out  rotor  sp^  oiors  during  steady  flight  conditions  by  utilizing  die  beqper  motor  to  adjust  Wf/d. 

The  acceleration  and  decdetation  schedules  are  functions  of  N1  and  T1  and  provide  tc^  and  bottom 
yi&8  limits  to  preclude  en^ne  surge  and  fiameout  during  rapid  engine  power  transiticxis. 

As  shown  in  Hgure  2,  die  winning  "Wf/S  is  mechanically  multiplied  by  8.  The  PI  input  provides 
altitude  compensation  by  reducing  fud  flow  and  governor  gains  at  high  altitude  where  low  fed  flow 
is  required  to  matdi  foe  reduced  engine  airflow  arid  to  maintain  closed  loqi  stability. 


-3- 


INLET 

AIR 

FLOW 


T53  ENGINE 


COMPRESSOR 


Of 


GAS 

TURBINE 


CDP 


PNEUMATIC 

BLEED 

BAND 

ACTUATOR 


POWER  (FREE) 
TURBINE 


N: 


Pamb 

ji 


Y  /COMBUSyOR 


OUTPUT 
SHAFI  TORQUE 
(To  Rotor 
Drive  Train) 


Wf 

FUEL 

FLOW 


BLEED 
I  BAND 
CONTROL 


TA-7 

HYDROMECHANICAL 

CONTROL 


4 

4 


SOLENOID 

TRANSFER 

VALVE 


Nf  I 


FUEL 

PUMP 


i 

FUEL 

IN 


POWER  LEVER 

i^LEJPLAJ^ _  _ _ ! 


,-PTG _ ^Hbeeper 

LEVER  - 


MOTOR 


n 


COLLECTIVE  LINKAGE 

BEEPER  SWITCH 


+28V  D.C. 


EMERGENCY  SWITCH 


(ENA8U8 SEPARATE  FUEtUETERINa SYSTEM) 


428V  D.C. 


Na 


mma  FUEL 
I  AIR 

MECH.  LINKAGE  | 
ELECTRICAL 


COBRA 

GUNSHiP 


AH-1  /  T53  ENGINE  CONTROL  SYSTEM 

Figure  1 


TA 

Aoifieo 


POWER  TURBINE  GOVERNOR 


BLEED  BAND  CONTROL 


nfVJ 


(BEEPER) 


INCPTQ 

WF 

x\ 

PTG 

5 

LEVER 

Nf - ► 

Nf-% 

TORSIONAL 

FILTER 


1 


iTptqS  + 1 


PLA 


GAS  GENERATOR  GOVERNOR 
SERVO 


SPEED  COMPUTER 
No 


1 


Tni  S  +  li 


Ni 


m 

5 

MCPU 

\« 

Ni-% 

Tt  BULB  RESPONSE 

T\  SENSE 


Ti 


1 


TtiS  ♦  1 


Ni 


Ni 


1 


(CqqqS-i-  1 


ACCEL  SCHEDULE 


WR 


Ni-VJ 


DECEL  SCHEDULE 


Wi 

5 


Ni-% 


Pi- 


TA  CONTROL  SYSTEM 


ACTUATOR 


BLEED  BAND 


POSITION 


1/14.7 


XpiS  + 1 


MAX- 

STOP 


WF 


SERVO 


MIN“H 

STOP 


IGV  SCHEDULE 


OPEN 

Ni - ► 

Ti  SENSE - ► 

CLOSED 

Ni 

IGV 

ACTUATOR 


POSITION 


METERING  HEAD 
REGULATOR 


WFmv 


(METERINQ 

VALVE) 


1 


TwfS  +  1 


WF 


(fUELFLOW) 


Tptg  •  .25  1 ,5  SEC.  (Low  -►  High  Power) 

Tni  «  .020  SEC. 

Tooq^:  .045  SEC. 

XT!  «  10  SEC. 

Xpi  «  .010  SEC. 

XWF  -  .015  SEC 

Xbb  »  .08  .25  SEC  (Open  -►  Close) 
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Figure  2 
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Hie  engine  is  fiirtha  protected  from  blowout  and  overfiieiing  by  minimum  and  mai^um  metoing 
valve  stops.  Fuel  shutoff  is  accomplished  via  a  s^siate  PLA  actuated  valve  not  shown  in  the 
simplified  fimcdonal  block  diagram  of  Figure  2. 

The  compressor  inlet  geomdiy  actuator  positiai  is  scheduled  as  a  function  of  gas  genoator  ^eed 
and  Tl.  At  low  ^leed,  the  IGVs  are  closed  to  provide  surge  margin.  At  high  ^leed,  the  IGVs  are 
qien  to  provide  maximum  engine  eflSdency.  Actuator  dynamics  are  &st  and  have  been  n^lectad 
for  this  study. 

Hie  two  positioi  (open  or  closed)  compressor  bleed  band  is  coitiolled  as  a  functicxi  of  and  gas 

generator  qieed.  Inlet  temperature  biases  the  N1  trip  point  to  effectively  result  in  a  corrected  NlA/@ 
schedule.  For  low  Wf/6  and  low  ^leeds,  the  bleed  band  remains  open  to  preclude  steady  state 
engine  surge.  FOr  high  Wff5  and  hi^  qieed,  the  bleed  band  is  closed  to  provide  maximum  engine 
efficiency.  During  accderadon  transients  0.e.,  high  Wffd  and  low  qieed)  the  bleed  band  is  open  to 
preclude  transient  surge. 

The  sqiarate,  emogency  backup  fiid  metering  systan  has  not  been  modeled.  This  system  was  not 
in  effect  during  the  rocket  fire  problems  encountered  in  the  field,  and  thoi^ore  iticluding  it  in  diis 
study  was  deemed  to  be  out  of  scope.  The  ^nergen^r  backup  fuel  metoing  system  consists  of  a 
sqarate  mdeiing  valve,  separate  metering  head  pressure  r^ulator  and  a  solenoid  actuated  transfer 
valve  that  allows  the  pilot  k)  switch  between  the  primary  and  backup  syst^ns.  The  backup  fud 
mdoing  valve  is  mechanically  linted  directly  to  the  PLA  leva.  A  moe  detailed  description  of  fins 
system  is  coitained  in  the  Preliminary  Design  Section  as  it  provides  a  convenient  interfeoe  to  a 
FADEC  system  that  can  potentially  solve  the  rocket  fire,  transient  torque  qake  problem. 

In  summary,  all  of  the  features  of  tiie  primary  engine  oxitrol  have  been  modeled.  In  addition,  the 
essential  dynamics  of  the  primary  hydromedianical  computa  aixl  fud  handling  section  have  also 
been  modeled.  These  are  incorporated  as  non-linear  functions  in  the  actual  simulation  code  but  are 
dqncted  as  linearized  time  constants  in  Figure  2  to  give  tiie  reada  a  quick  reference  as  to  the 
reqxxise  of  the  various  ccmtrol  loops. 
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Engine 


Ihe  Textron  Lycxmung  TS3-L-7Q3  engine  is  a  1500  SHP  tuitxjshaft  engine  consisting  of  a  gas 
generator  section  and  a  power  (or  free)  turbine  that  is  coupled  to  the  heliccq>ter  rotor  drive  train. 
Figure  1  shows  a  sdionatic  the  syst^  and  defines  q)eed,  pressure,  and  t)»iq)erature  staticms 
throughout  the  engine. 

A  functional  block  diagram  of  the  TS3  core  (or  gas  genoator)  section  of  the  engine  is  illustrated  in 
Hgure  3.  This  engine  modd  is  cmiunonly  referred  by  the  industry  as  an  excess  torque  modd. 
Metered  fud  flow  is  burned  through  rdativdy  fest  combustor  dynamics  and  is  comp^  to  the 
engine  steady  stale  required  to  run  fiid  flow.  Any  difference  genoates  excess  torque  and  thus 
NDOT  fitat  accderales  or  deodetates  the  gas  turbine  to  a  new  operating  ccmdition. 

The  thermodynamic  torque  that  is  available  to  bellied  to  the  free  turbine,  Qf,  is  a  sum  of  the  core 
engine’s  steady  state  ouqxit  torque  and  the  fest  transient  torque  diat  is  available  in  the  burned  excess 
fud  flow  that  is  not  used  by  the  gas  turbine. 

The  engine  model,  as  shown  in  figure  3,  is  fully  non-linear  with  engine  poformance  a  function  of 
NG,  BLEED,  and  IGV  position. 

The  modd  is  corrected  for  inlet  air  pressure,  PI,  arxl  temperature,  Tl.  Therefore,  the  effects  of 
rocket  fire  ingestion  can  be  readily  simulated  by  disturbiiig  foe  modd  wifo  PI  and  Tl  profiles  as  a 
function  of  time. 

Surge  is  also  modded  on  an  open  loop  basis  by  matching  observed  engine  performance  during  an 
actual  sur;^.  The  reduction  in  output  torque,  ^  is  simulated  as  shown  in  Figure  4.  Incidence  of 
hot  gases  at  the  inlet  triggos  foe  surge  whkfo  then  affects  engine  output  firr  ^tproximatdy  0.25 
seconds. 
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FAST  "COMBUSTIVE"  TORQUE 


T53  CORE  ENGINE  . . .  FUNCTIONAL  BLOCK  DIAGRAM 


ROCKET  FIRE  ENGINE  SURGE  SIMULATION 

Rgure  4 


Rotor  Drive  'Dain 


The  rotor  drive  train  consisting  of  the  TS3  povvo'  turbine,  Cobra  main  rotor  and  tail  rotor,  and 
associated  driveshaft  and  gearing  is  illustrated  schematically  in  Figure  S.  This  diagram  shows  a 
4  inertia/3  qxing  system  that  accurately  models  the  main  and  tail  rotor  torsi(mal  modes.  Since  diese 
modes  are  the  present  frequencies  obsoved  tm  flight  trace  recordings  of  rocket  fire  surges,  the 
simplified  drive  train  modd  was  deemed  sufficient  for  die  purposes  of  investigating  fuel  control 
effects. 

A  functional  block  diagram  of  the  rotor  drive  train  model  is  given  in  Figure  6.  The  modd  is  non¬ 
linear  in  that  the  main  rotor,  tail  rotor  and  free  turbine  damping  terms  are  a  function  of  fiight 
condition.  However,  the  block  diagram  is  illustrated  in  a  linrarized  foshion,  to  give  the  reader  a 
quick  reference  as  to  the  rdalive  magnitude  of  dampng  terms  inesent  in  the  drive  train. 

For  the  sea  levd  hover,  rocket  fire  condition,  a  linearized  bode  plot  of  the  rotor  drive  train  is  given 
inFigure?.  This  shows  that  the  rotor  system  is  very  underdamp^  with  a  main  rotor  torsional  mode 
of  2.9  Hz  and  S.8%  critical  damping.  The  tail  rotor  torsional  mode  is  7.3  Hz  and  2.5%  of  critical 
damping.  Therefore,  it  should  be  no  surprise  that  rapd  disturbances  to  this  system  can  exdte  the 
torrional  modes  and  result  in  transient  torque  qnkes. 

Airframe 

A  three  d^ree  of  freedom  airframe  moddi  including  Icxigitudinal,  vertical  and  yaw  d^rees  of 
freedom  was  utilized  in  the  study.  The  airframe  modd  also  includes  an  automatic  heading  control 
that  simulates  the  reactioi  of  a  human  pilot.  This  model  is  prc^etary  to  Chandlo’  Evans,  therefore, 
a  more  d^ed  description  is  not  provided  herdn. 

The  airfirame  model  was  configured  to  the  AH*1  hdicqjto’  arxl  a  few  simulated  flight  manoivers 
are  enclosed  to  demonstrate  that  the  modd  aj^rroximates  AH-1  climb  rate,  descent  rate,  max 
air^)eed,  and  heading  control  performance.  Tt^  traces  ate  enclosed  in  Hgutes  8  and  9.  Based 
CXI  these  traces,  the  airframe  niodd  was  deemed  suffident  to  evaluate  tiie  effect  cff  rocket  firings  (xi 
the  bcxiy  states  of  the  airvehicle. 
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DEFINITION  OF  FLIGHT  MANEUVER  . . .  GUN  RUN 

Figure  8 


SIMULATED  FLIGHT  MANEUVER  . . .  GUN  RUN 

Figure  9 


DISCUSSION  OF  RESULTS 


The  simulation  model  described  in  the  previous  section  was  used  to  evaluate  the  effects  of  rocket  fire 
induced  engine  surges  on  die  Cobra  rotor  drive  train.  The  results  are  discussed  in  the  following 
sections. 

Simulation  of  Rocket  Fire  Surges 

Baseline  flight  test  data  was  extracted  from  a  U.S.  Army  Test  and  Evaluation  Command  CTECOM) 
final  report  TECOM  Project  Mb.  4CO-23(HXXM)16,  "AH-IF  Hdicopta/M^  66  2.75  inch  Iblding 
Fin  Aoial  Rocket  Engineering  Investigatioi”,  June  1991.  Hgure  &1  fiom  this  rqxort  is  enclosed 
in  Figure  10.  This  data  shows  a  single  engine  surge  as  tiie  result  of  a  simultaneous  firing  of  a  pair 
of  rockets  (one  fiom  eadi  pod).  Engine  inlet  pressure  arxl  t^nperature,  engine  fud  flow  and 
compressor  discharge  pressure,  and  rotor  drive  train  torque  ^Hkes  are  all  shown.  Thus,  a  significant 
amount  of  data  is  present  to  ccmrelate  the  simulaticxi  with  test 

Figure  11  shows  the  simulation  of  the  same  event,  and  correlaticm  with  critical  parameters  is 
summarized  in  the  table  below. 


Parameter 

Test  Data 

Simidadon  | 

Hotz 

Peak 

Daminng 

Ra^ 

Hatz 

Fbak 

Damping 

Ratio 

Main  Rotor  Torque 

1400  ft-lb 

3.2% 

2.9 

1700  ft-lb 

4.7% 

Tail  Rotor  Torque 

7.0 

340ft-lb 

3.4% 

7.3 

350  ft-lb 

4.5% 

Engine  Shaft  Torque 

72  psi 

3.5% 

2.9 

90  psi 

4.4% 

Fuel  Flow  Oscillation 

±  35  PI* 

3.5% 

2.9 

±  40  pph 

4.4% 

Compressor  Discharge 
Pressure  Drop 

N/A 

90% 

N/A 

N/A 

90% 

N/A 

Note: 


100 

2nN 


where: 

C  »  dancing  ratio,  %  of  critical  dancing 
Xff  «  peak-peak  amplitude  of  cycle  N 


Xq  =  peak-peak  amplitude  of  first  cycle 
N  >  number  of  cycles  ( 10  typical) 


Table  I 

Correlation  of  Flight  Test  and  Simulation  iff  Rocket  Fire  Induced  Engine  Surge 
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MK66  ROCKET  FIRE  FLIGHT  TEST  DATA  (1  PAIR) 

Figure  10 
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Peak  tail  rotor  drive  shaft  torque,  oscillation  frequency,  and  darning  ratio  match  almost  exactly  with 
the  test  data.  Hiese  are  the  critical  parameta^,  since  a  tail  rotor  drive  shaft  frilure  has  occurred  in 
the  field  as  a  result  of  rocket  firings. 

'Ihe  main  rotrv  torsional  mode  frequency  and  damping  ratio  match  well  considering  the  margin  of 
error  in  reading  the  compressed  time  scale  of  the  flight  traces.  However,  the  peak  main  rotor  torque 
oscillation  is  20%  higha  in  the  simulatitm.  This  also  affects  die  simulated  shaft  torque  whidi  is  the 
sum  of  main  and  tail  rotor  torques.  Since  the  damping  ratios  of  the  actual  vs.  simulated  drive  train 
are  close,  die  differences  in  the  initial  peak  torque  can  be  attributed  to  the  simulated  effect  of  engine 
surge  on  ouqxit  torque. 

The  surge  model  illustrated  in  Figure  4  was  Idt  unchanged  because  the  compressor  discharge 
pressure  drop  as  a  result  of  surge  and  the  resulting  tail  rotor  ^nke  due  to  the  sudden  disturbance  to 
the  rotor  drive  train  were  matched  quite  accurately.  These  are  die  most  critical  param^ers  for  the 
study. 

The  single  surge  traces  show  that  the  rotor  drive  train  is  very  lighdy  damped.  The  engine 
disturbance  causes  the  drive  train  to  ring  with  significant  torque  osdllafions  that  require 
tqiproximatdy  7  secxxids  to  die  out  This  makes  die  rotor  susceptible  to  a  second  or  diird  surge 
disturbance  that  can  occur  due  to  multiple  rocket  firings.  Furthamore,  multiple  rocket  firings  ate 
performed  at  two  pilot  selectable  frequencies  that  bracket  the  tail  rotor  resonant  mode  as  shown  in 
the  table  below. 


Parameter 

FrequoK^  (Hz) 

Main  Rotor  Torrional  Mode 

2.9 

Slow  Rocket  Fire 

6.3 

Tail  Rotor  Anti-Resonance 

6.7 

Tail  Rotor  Tcnsional  Mode 

7.3 

Fast  Rocket  Fire 

8.3 

Table  n 

Rocket  Fire  Frequracy  vs.  Rotor  Drive  Train  Torsional  Modes 


Therefore,  multiple  rocket  firings  have  a  very  good  diance  of  amplifying  torque  qiikes.  Figurel2 
illustrates  a  simulated,  multiple  rocket  firing.  Three  rocket  fires  at  the  slow  fr^uency  result  in  two 
engine  surges.  As  expected,  the  torsional  oscillations  are  amplified  beyond  die  ncnmal  tail  rc^ 
cperating  shall  torque  limit 

The  effect  of  the  fud  control  and  modifications  to  the  contrd  syston  to  attenuate  diese  torque  spikes 
are  discussed  in  the  following  section. 
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SIMULATION  OF  MULTIPLE  ROCKET  FIRES  (3  PAIR) 

Figure  12  , 
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PW4?inrial  Sohitkm  Udng  the  Exisdug  TA  Hydromediankal  Ccmtrol 

The  contribution  of  the  bill'Of'inaierial  TA  control  cxi  rotor  drive  train  torque  unices  is  demonstrated 
by  comparing  die  simulated  flight  test  data  of  Figure  11  and  the  results  of  Figure  13  where  fuel  flow 
is  held  constant  throughout  the  rocket  Sre  transient  The  drive  train  re^xxises  are  very  similar  with 
peak  torque  oscillatiais  nearly  identical. 

The  TA  control  attenuates  torsional  frequencies  which  are  present  in  the  power  turbine  speed  signal 
by  virtue  of  its  1  second  hydraulic  lag  in  die  power  turbine  governor.  The  control  also  does  not 
reqxHid  to  the  short  duration  PI  and  T1  inlet  disturbances  and  does  not  direcdy  sense  engine 
compressor  discharge  pressure  and  shaft  torque  which  drop  off  suddenly  during  an  engine  surge. 
Therefore,  it  can  be  concluded  that  the  TA  oxitrol  has  a  n^gible  effect  on  rotor  drive  train  torque 
^skes  caused  by  rocket  Are  engine  surges. 

The  fuel  ccmtrol  system  must  be  modified  to  actively  prevent  engine  surge  or  to  react  to  engine  surge 
in  some  foshicm  to  attenuate  rotor  drive  train  torque  spikes. 

In  an  attempt  to  prevent  surge,  it  was  assumed  that  closure  of  the  compressor  inl^  guide  vanes 
(IGVs),  whm  synchronized  with  rocket  firings,  could  go  a  long  way  to  block  the  amount  of  hot 
gases  entering  the  engine  and  therd^y  preclude  surge.  The  IGVs  must  be  modulated  between  foe 
open  and  closed  position  for  each  rocl^  fire  because  closng  down  the  IGVs  flir  a  prolonged  time 
period  would  d^rade  engine  powa  and  cause  loss  of  rotor  ^leed  and  helicopter  lift. 

Figure  14  illustr^  the  effect  of  modulating  IGVs  for  a  19  shot,  multiple  rocket  fire  salvo.  Engine 
surge  is  not  triggoed.  However,  foe  repeated  IGV  torque  disturbances  near  the  tail  rotor  ftequency 
exdte  the  lightly  damped  Cobra  rotor  drive  train.  Tail  rotor  torque  qnkes  are  amplified  to  an 
unacceptable  level.  Therefore,  the  rtpd  modulation  of  IGVs  to  preclude  surge  is  not  recommended 
as  a  vi^le  solution. 

Another  possible  alternative  to  alleviating  foe  rocket  fire  torque  ^rikes  via  the  TA  fuel  oxitrol  is  to 
recov^  Ifom  engine  surge  in  a  srrxxith  ftishicm.  Engine  oufout  torque  could  be  held  down  upcxi 
detection  of  surge,  thereby  reducing  the  tail  rotor  drive  shaft  torque  ^pike. 

Figure  15  illustrates  the  emulation  of  a  single  rocket  fire  with  IGV  closed  immediately  upcxi 
detection  of  surge.  The  resulting  tail  rotor  torque  ^nke  is  similar  Cwithin  15%)  to  foe  simulated 
flight  test  data  of  Hgure  11. 

The  IGV  input  is  essentially  too  late,  foe  rotor  drive  system  rescxiates  at  too  high  a  frequency 
(7.3  Hz).  Shaft  torque  rdxiunds  ftom  the  initial  drop  in  torque  due  to  engine  surge  before  the  IGVs 
can  do  much  about  it 
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SIMULATION  OF  ROCKET  FIRE  FLIGHT  TEST  (1  PAIR) 
(With  Fuel  Flow  Constant) 

Figure  13 
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SIMULATION  OF  MULTIPLE  (19)  ROCKET  FIRES 
(With  IGV  Synched  to  Rocket  Fire) 

Figure  14 


SIMULATION  OF  ROCKET  FIRE  FLIGHT  TEST  (1  PAIR) 
(With  IGV  Synched  to  Surge) 

Figure  15 
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(FT-LBS  x  10') 


In  ^  sunulation  lesults  Figine  IS,  zero  time  delay  was  assumed  for  sui:ge  detection  and  the  IGV 
actuator  was  assumed  to  be  instantaneous,  bi  actual  practice,  a  minimum  of  0.1  second  of  reaction 
time  must  be  added  whidi  conespcmds  to  3/4  of  a  tail  rotor  resonant  cycle.  This  would  degrade  the 
results  of  Figure  15  evai  more.  TliCTefore,  it  can  be  concluded  that  reactina  to  surge  is  too  slow 
to  preclude  tail  rotor  drive  shaft  torque  spikes. 

Li  summary,  the  attend  to  alleviate  the  drive  train  resonances  in  an  "opm  loop"  &shion  by 
triggering  off  the  rock^  fire  signal  or  by  d^ecting  surge  are  not  viable  solutions.  The  corrective 
actirai  taken  by  the  ccmtrol  must  be  v^  fiist  and  even  more  importantly,  it  must  be  in  direct 
qjpositkm  to  the  drive  train  rescxiances.  ff  the  corrective  actions  are  not  pha^  properly,  th^  could 
do  more  harm  fiian  good  by  exddng  die  lightly  damped  torsional  modes  of  the  rotor  drive  train. 

A  "closed  loop”  method  of  attoiuating  drive  train  resonances  is  preferred.  This  requires  a  high 
bandwidth  dectronic  amtrol  that  eliminates  the  phase  shift  due  to  hydraulic  servo  lags  that  are 
present  in  the  bill-of-matetial  TA  control. 

Active  Dam[^  via  Efectronic  Control 

The  architecture  for  a  state  feedback  controller  is  illustrated  in  Figure  16.  Additional  states  from  the 
rotcn*  drive  train  including  main  and  tail  rotor  speeds  and  shaft  torques  are  combined  with  typical 
engine  ccmtrd  rignals  to  create  a  fuel  flow  input  that  is  in  direct  opposition  to  drive  train  resonances. 
The  fiid  flow  input  works  through  the  fest  combustive  torque  p^  of  the  ^gine  as  described  in 
Figure  3  to  nKxlulate  gas  torque,  QF,  to  provide  damping  at  the  2.9  and  7.3  Hz  torsional  modes  of 
fee  rotor  drive  train. 

A  frequency  respcHise  plot  of  the  AH-1/T53  rotor  drive  train,  as  defined  in  Figures  5  and  6,  is 
included  in  Figure  17.  As  shown  by  fee  fiequaicy  response,  fee  drive  train  is  very  lightly  damped 
at  the  main  and  tail  rotor  torsicmal  modes.  \^ife  fee  electronic,  combustive  damping  loop  in  effect 
howevra’,  the  torsicmal  modes  are  significantly  aUaiuated.  The  performance  of  this  controller  during 
tock^  fires  is  illustrated  in  Figures  18,  19,  and  20. 

For  the  single  rocket  fire  in  Figure  18  that  emulates  fee  flight  test  data,  fee  peak  tail  rotor  torque 
qnke  is  signifiicanfly  reduced.  But  mote  importantly,  fee  drive  train  oscillations  are  damped  out  in 
one  qole.  Ihere^ote,  multiple  rockets  can  be  fired  off  without  fear  of  amplifying  torsional 
oscillatiofis. 

Figure  19  diows  fee  pofiDimance  of  fee  dectncwiic  controller  during  multiple  rocket  firings.  The  two 
rotor  torque  ^nkes  caused  by  fee  two  engine  surges  are  contained  within  normal  operating  limits  and 
fee  drive  train  oscfilatums  are  dan^)ed  out  in  time  for  fee  next  rocket  fire.  A  bit  more  rotor  speed 
droop  ^%)  than  fee  basdine  TA  arntrol  is  realized  because  the  electronic  control  transiently  lowers 
fiid  flow  to  fight  fee  drive  train  ovoiorque  condition.  The  additional  transient  rotor  spe^  droop 
should  be  of  little  consequence  to  fee  pilot  since  rotor  speed  recovers  smoothly  and  quickly  to  fee 
reference  speed...as  compared  to  the  TA  hydromechanical  control  which  toids  to  overshoot  and 
cause  additional  pilot  workload. 
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COMBUSTIVE  DAMPING  BLOCK  DIAGRAM 

Figure  16 
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EFFECT  OF  ACTIVE  DAMPING  ON  AH-1/T53  ROTOR  TORSIONALS 
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Figure  17 
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SIMULATION  OF  ROCKET  FIRE  FLIGHT  TEST  (1  PAIR) 
(With  Electronic  Combustive  Damping) 

Figure  18 
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SIMULATION  OF  MULTIPLE  ROCKET  FIRES  (2  PAIR) 
(With  Electronic  Combustive  Damping) 

Figure  19 
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EFFECT  OF  COMBUSTIVE  DAMPING  ON 
AH-1  ROTOR  DRIVE  TRAIN  TORSIONALS 

Figure  20 
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A  summaiy  of  electronic  combustive  damping  performance  is  given  in  Figure  20.  Feak  tail  rotor 
torque  qnkes  are  attenuated  by  25-40%  for  single  and  multiple  rocket  firings  as  compared  to  the 
baseline  system.  And,  most  importantly,  tail  rotor  resonances  are  damped  out  qulcldy  such  that 
rqxaied  rocket  firings  do  not  have  a  chance  to  amplify  the  drive  shaft  natural  resonances  and 
potentially  damage  the  drive  system. 

Perfonnance  Benefits 

In  addition  to  damj^  out  the  rotor  drive  train  resonarxes,  the  dectionic  control  provides  a  &st  rotor 
^)eed  ocHitrol  fOT  normal  opeialion.  Figure  21  compares  the  frequency  responses  of  the  electronic 
A^deband  Power  Turbine  Governor  (FTG)  with  the  biU-of-material  TA  hydiomechanical  control. 

The  NF/QD  frequency  response  illustrates  the  improved  disturbance  rejection  capability  of  the 
Wideband  PTG.  The  effect  of  a  ramp  disturbance  to  the  rotor  drive  train  (i.e.,  collective  pull/drop) 
causes  rotor  speed  under  Wideband  PTG  control  to  change  by  nearly  1/10  the  amount  of  the  TA 
control.  The  NF/NF  frequency  re^nse  shows  the  improved  response  of  the  speed  control  loop. 
The  Wideband  governor  corrects  speed  errors  50%  faster  than  the  TA  control. 

The  effect  of  improved  disturbance  rejection  and  fester  speed  control  results  in  a  more  agile  and 
easier  to  fly  helicopter  as  demonstrated  by  Figures  22  and  23. 

Figure  22  illustrates  a  2  second  collective  pull  from  a  low  power  descent  into  a  high  power  climb 
with  the  TA  control  on  board.  A  7.5%  transient  rotor  speed  droop  is  caused  by  a  slow  transition 
from  Power  Turbine  Governor  to  the  engine’s  acoel  fiiel  flow  limit  This  is  primarily  due  to  the  0.2 
to  1.0  second  hydraulic  lag  in  the  PTG  servo  that  is  designed  to  filter  out  torsional  resonances  and 
ther^y  maintain  closed  loop  stability.  This  lag  also  causes  the  speed  control  loop  to  hunt  a  bit  as 
it  settles  into  a  new  cpetating  condition.  This  is  evident  by  the  20%  torque  overshoot  arxl  subsequent 
settling  oscillations  at  high  power. 

The  net  result  of  this  speed  and  torque  control  performance  is  d^raded  helicopter  maneuverability 
and  increased  pilot  workload.  Six  (6)  seconds  are  required  to  arrest  the  descent.  And,  the  nose  of 
the  helicq)ter  swings  back  and  forth  as  the  pilot  is  working  the  pedals  to  maintain  heading.  With 
this  type  of  performance,  it  should  be  no  surprise  that  the  Cobra  gets  out-maneuvered  in  air-air 
combat  against  FADEC  equipped  airvehicles. 

Figure  23  illustrates  the  same  maneuver  with  the  electronic  Wideband  PTG  on-boaid.  A  fast 
transition  finom  power  turbine  govoning  to  the  engine’s  accel  limit  is  achieved  which  results  in 
minimal  rotor  ^Ked  droop  (1  %).  Torque  overshoot  is  also  minimal  (4%)  with  no  settling  osdllation. 
Theidbre,  the  descent  is  arrested  in  3.5  seconds,  and  heading  is  maintained  with  little  pilot 
workload. 

These  traces  demonstrate  that  a  significant  improvement  in  aircraft  maneuverability  and  handling 
qualities  can  be  achieved  by  adding  a  FADEC  system  to  the  Cobra  helicopter. 
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Figure  21 
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TA  HYDROMECHANICAL  PTG  PERFORMANCE 

2  Second  Collective  Pull  from  Low  to  High  Power 

Rgure  22 
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CLIM6  RATE  (PERCENT)  (FT  LBSxID  'l 


WIDEBAND  ELECTRONIC  PTG  PERFORMANCE 
2  Second  Collective  Pull  from  Low  to  High  Power 

Figure  23 
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PRET^TMINARY  DESIGN.  ..FADEC  SYSTEM 


The  results  of  the  previous  section  clearly  point  to  an  electronic  solution  of  the  rocket  fire  sui]ge 
problem.  Engine  fuel  flow  must  be  modulated  very  rapidly  using  so^rfiisticaled  control  laws  in  order 
to  kill  drive  train  oscillations  before  th^  have  a  chance  to  build  up. 

Therefore,  a  micrcprocessor  based  controller  is  required  in  order  to  incorporate  the  sophisticated 
logic  in  software. 

The  TA  hydiomechanical  control  contains  a  completely  sqxuate  fiid  metering  system  for  emergency 
operation.  This  metering  system  can  be  readily  interfooed  to  a  FADEC  syst^  fliereby  taking  full 
advantage  of  the  electronic  ctxitrol.  A  single  channel  FADEC  can  be  u^,  then^y  Umiting  the 
modifications  to  the  aircraft.  Hectionic  sensors  can  be  shared  with  existing  cockpit  instruments. 
And,  flight  safety  is  enhanced  because  the  primary  hydromechanical  TA  control  remains  on  board 
to  serve  as  a  bacloip  in  case  of  feilure  of  the  electronic  control. 

□ectronk  Control  Unit 

Hardware 

Chandler  Evans  is  at  flte  present  time  completing  a  full-scale  development  and  certification  program 
of  a  "generic”  FADEC  which  is  shown  in  Figure  24.  The  generic  FADEC  was  designed  from  the 
onset  to  be  adaptable  to  many  a|^lications  with  minimal  design  changes.  It  has  considerable 
computing  power,  extensive  input/output  signal  processing  capability,  is  modular  in  design,  and  has 
provision  for  an  aj^licaiion  board  to  accommodate  the  unique  requirements  of  each  particular 
installation. 

Existing  sensors  are  utilized  where  possible  and  shared  with  cockpit  gages  as  necessary.  Therefore, 
airframe  modifications  are  minimized.  The  FADEC  is  powered  tom  the  aircraft’s  28V  DC  bus  and 
requires  ^^rroximately  100  watts  under  peak  load  conditions. 

Separate  oveispeed  protection  is  provided  within  the  FADEC  enclosure.  An  analog  overspeed 
system  with  an  inde^dent  power  supply  opeiates  through  the  existing  engine  mounted  over^xed 
solenoid  to  chop  fuel  flow  to  minimum  flow  on  detection  of  an  oveispeed  condition. 

The  FADEC  VO  lines  are  extensively  shielded  and  filtered  to  provide  lightning  protection  and  EMI 
insensitivity  to  DO  160C,  2(X)  V/M  fields.  Therefore,  the  primary  control  as  well  as  the  oveispeed 
system  are  insensitive  to  external  upsets. 
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CHANDLER  EVANS  "GENERIC"  FADEC 

Figure  24 


Software 


The  software  architecture  is  illustrated  in  Figure  25.  Bange,  rale,  and  difference  tests  are  ^lied 
as  well  as  reasonability  tests  based  on  Kalman  Filter  errors.  These  errors  are  the  difference  between 
computed  states  and  actual  sensor  measurements.  Only  validated  signals  are  passed  on  to  the  engine 
control  laws. 

The  engine  and  airvehicle  control  iiincticMis  provided  by  the  FADEC  system  are  illustrated  in  Figure 
25  and  are  described  below. 

Wideband  Power  Turbine  Governor 

A  high  re^nse  governor  that  minimizes  transient  rotor  speed  droop  and  torque  overshoots  during 
man^ivering  flight  and  damps  out  rotor  drive  train  osdlladcHis  during  rocket  fire  surge.  Isochronous 
(constant  speed)  governing  is  provided  in  steady  state. 

Cos  Generator  Governor 

Provictes  isochronous  NG  governing  as  a  fimcticxi  of  PLA  posititm  between  ground  idle  and 
maximum  power. 

T4.5  Limiter 

Provides  gas  temperature  limiting  during  starting  to  preclude  hot  starts  and  for  engine  protection  at 
high  power  settings. 

Torque  Limiter 

Provides  oufout  shaft  torque  limiting  to  preclude  overstressing  foe  rotor  drive  train  during  steady  state 
as  well  as  transient  conditicms.  Allows  the  pilot  to  fly  the  helicopter  at  or  near  foe  torque  limit  for 
improved  maneuverability. 

NDOTSdiedule 

The  start  engine  ccmtrol  law  is  based  on  NDOT,  i.e.,  gas  generator  accdeation  rate.  This  allows 
closed  loop  control  of  engine  starts  whidi  is  more  accurate  than  foe  open  loop  Wffd  ctxitrol  law 
employed  in  foe  hydromechanical  TA  ccxitrol.  Therefore,  repeatable  engine  starts  can  be  achieved 
without  overtemperaturing  the  engine.  During  starting,  the  engine  will  achieve  idle  undo’  varying 
ambient  conditions  wiflKXit  hanging  because  of  the  closed  loop  coitrol  of  accderation  rate,  NDOT. 

Accel  Sdiedule 

The  existing  Wffd  open  loop  acceleration  schedules  that  are  implemoited  in  foe  TA  hydromechanical 
control  are  retained  in  the  FADEC  implementation.  The  engine  has  been  qualified  wifo  these  limits, 
therefore,  flrere  is  no  need  to  change  these  sdiedules.  Furthermore,  the  q)en  loop  schedules  will  be 
more  accurate  wifo  foe  digital  electmiic  implementation,  therd^y  giving  more  repeatable  transient 
performance. 
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T53  FADEC . . .  SOFTWARE  ARCHITECTURE 

Figure  25 


Deed  Sdieduk 

The  existing  open  loop  deoderadon  sdiedules  that  ate  imf^emented  in  the  TA  hydiomedianical 

control  aie  also  retained  in  die  FADEC  for  die  same  reasons  as  above. 

Fud  Limits  Eange  and  Bate 

Absolute  fud  flow  limits  and  rate  limits  are  imposed  on  die  final  Wf  demand.  These  predude 
overfoding  and  flameout  and  provide  fuitho:  diecking  of  processor  functitmality  before  actually 
positioning  die  fiid  metoing  vdve. 


Bleed  Band  Qmtrol 

FADEC  control  of  the  pneumatic  bleed  band  actuator  is  provided  via  an  on/off  sdenoid  valve.  The 
existing  logic  that  is  im[dmented  in  die  TA  hydromedianical  control  will  be  utilized  ftir  the  same 
reasons  as  above.  However,  diis  intofoce  is  available  to  inqxove  sui;^  lecovety  with  additional 
logic  if  engine/fiight  test  shows  that  it  is  of  benefit 

hisummaiy,  sophisticated  engine  and  rotor  ^leed  control  is  provided  to  enhance  flight  safety  (rocket 
fire  torque  spikk  are  eliminated);  improve  engine  pafinmanoe  (rqpeatable  starts,  temperature  and 
torque  limiting);  and  enhance  hdicopt^  maneuvoability  and  handting  qualities  (reduced  rotor  ^leed 
dro^  and  torque  ovoshoot  widi  less  pilot  wraidoacO*  Fuithennore,  extensive  fiiult  covera^  is 
provided  sudi  diat  if  an  dectronic  control  or  sensor  Mure  should  occur,  the  fud  metoing  value  foils 
fixed  at  its  current  position.  An  indication  is  given  to  the  pilot  at  whk^  time  he  or  she  can  transfer 
to  the  bill-<tf-mataial  TA  ttydrcnnechanical  control  for  a  safe  continuation  of  die  flight 


TA  CtHitrol  Modifications 

The  fud  metering  section  of  the  TA  Itydromedianical  oontrd  is  iQustraled  in  Figure  26.  Two 
separate  metering  systems  consisting  ei  a  metoing  valve  and  dedicated  head  regulator  are  provided. 
The  backiq)  mdering  valve  is  positioned  Ity  die  hydrcnnedianical  TA  computer  consisting  of  ^leed, 
tempoature,  and  pressure  sovos  and  3-D  cams  (not  shown).  The  primary  metering  valve  is  a  rotary 
valve,  positioned  tty  an  Metric  motor.  A  transfer  valve  and  sdendd  wltidi  is  actuated  tty  a  cockpit 
switdi  determines  wduchmetaingtystan  is  in  contrdttf  engine  fud  flow.  The  motor  and  controlla 
are  designed  to  M-fixed,  thodty  giving  the  pilot  time  to  manually  transfer  to  the  TA 
hydromedianical  contrd  for  safe  axitinuadon 
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Figure  26 


A  layout  drawing  the  DC  motor  and  gearhead  inter&ce  to  die  TA  control  is  shown  in  Figure  27. 

Hie  new  hardware  fits  in  a  module  placed  between  die  power  turbine  governor  and  die  cover  for 
die  main  hydromedianical  computer.  Hie  diange  involves  one  new  casting  for  die  motor  module. 
In  addition,  die  FTG  housing  covin’  must  be  redesigned  mounting  purposes.  Aside  firnn  a  slight 
0.5  inch  movnnent  of  die  fud  disdiarge  port,  die  only  diange  affecting  installation  is  die  addition 
of  an  dectrical  connector.  All  other  interfoces  rnnain  unchan^.  Inspection  of  the  actual  AH-1 
aircraft  installation  indicates  diat  these  hardware  dianges  are  feaable  widiin  the  current  space 
limitatitxis. 

Engme  and  Airvdiicle  Modficatitnis 

The  modifications  to  die  AH-1/TS3  airvdiicle  for  die  single  diannd  FADEC  system  with  die 
existing  TA  hydnnnedianical  control  as  badaqi  are  summarized  bdow. 

Cddpit 

1)  No  additional  iiqxits  are  required.  The  existing  emergency  reviosion  switdi  wiU  be  used  to 
transfer  between  FADEC  and  the  TA  contrd.  And,  the  rotor  opoales  at  constant,  100%  rpm 
when  on  the  power  turbine  governor,  dien^Die,  a  speed  set  adjustment  is  not  requited  for 
dectronic  contrd. 

2)  histall  a  FADEC  feult  lamp  and  an  overspeed  test  fiiult  lamp  in  the  coclqnL  These  ^ve  the 
pilot  an  indication  of  FADEC  status  and  the  results  of  the  auttxnadc  ovo^ieed  test  which  is 
perft»med  during  an  engine  start  Based  on  this  infimmation,  the  pilot  can  abcnt  a  fiight  or 
transfo  to  the  TA  hydromedianical  contrd  wtiUe  in  the  air  to  continue  die  mission. 

EngftK 

1)  Install  a  T1  RTD  at  die  engine  inlet 

2)  hislall  a  gear-iq>  medianism  and  a  magnetic  speed  pickup,  one  for  Ng  and  one  fin*  Np  between 
die  existing  tadi  generator  used  fisr  coclqnt  dis^ds^  and  the  engine  drive  pad. 

3)  Listall  bleed  band  contrd  and  transfor  solenoids  in  die  pneumatic  fine  feeding  the  TA  control. 
The  transfer  solenoid  is  activated  die  existing  emergency  reversion  switdi  that  is  used  to 
transfer  between  FADEC  and  the  TA  control.  Hie  bleed  b^  contrd  solencnd  is  modulated 
by  the  FADEC.  Both  scdenoids  are  wired  such  that  loss  of  dectrical  powo:  causes  reversion 
to  the  TA  hydromedianical  contrd. 

4)  Provide  an  dectrical  harness  for  die  above  engine  sensors,  die  bleed  sdenoids,  die  shared  QS 
and  T4.5  sensors,  and  the  TA  coitrol  to  the  FADEC. 
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Airfiwie 

1)  Install  collective  piteh  and  PLA  RVDTs  on  the  linkages  between  the  pilot’s  stidc  and  the  TA 
ctmtnd.  ~ 

2)  Provide  an  dectiical  harness  from  the  above  sensors,  the  shared  rotor  speed  sensor,  and  28V 
DC  pow^  to  the  airframe  mounted  FADEC. 

As  shown  above,  cockpit  and  airframe  modifications  are  minor  and  engine  nKxfificaticMis  are 
straightforward.  The  m^or  cost  of  the  FADEC  system  is  foe  FADEC  unit  itself  with  its  electric 
motor  interfoce  to  foe  TA  control.  It  is  estimated  that  foe  cost  of  the  FADEC  hardware  (electronic 
control  and  modificaticms  to  foe  hydromechanical  control)  is  tqrproximately  equal  to  the  cost  of  a  TA 
hydromechanical  control  overhaul. 


CONCLUSIONS  AND  RECOMMENDATIONS 

1)  The  AH-1/TS3  Cobra  rotor  drive  train  is  very  lightly  damped.  Theiefote,  any  significant 
disturbances  such  as  rocket  fire  surges  or  potential  fuel  control  or  IGV  corrections  that  are  not 
{foased  properly  tend  to  excite  the  torsioial  modes  of  the  drive  train  and  cause  ttansient 
overtorques. 

2)  An  electronic  amtrol,  however,  modulating  engine  fuel  fiow  and  torque  in  direct  composition  to 
drive  train  rescxiances  has  been  shown  by  simulation  to  damp  out  torque  qnkes  and  hold  them 
within  normal  operating  limits.  The  electronic  control  can  be  readily  interfoced  to  the  existing 
TA  hydromechanical  unit  via  its  sqmarate  emogency  fuel  valve.  Tl^  onitroller  also  provides 
an  inherently  foster  engine  and  rotOT  qmeed  control  loop  for  normal  operatiai.  Thus,  transient 
rotor  speed  droco)  and  engine  torque  overshoots  during  aggressive  maneuvos  are  agnificantly 
reduced  as  compared  to  foe  existing  bill-of-matoial  oxitrc^.  Thus,  a  side  benefit  of  increased 
heliccqmter  agility  with  less  pilot  woridoad  is  realized. 

3)  Because  foe  above  woric  is  based  on  a  simulation  of  the  engine,  it  is  recommended  that  an 
engine  test  be  performed  wherfoy  high  frequency  fuel  flow  inputs  are  applied  to  foe  engine. 
The  objectives  of  fois  test  are  to: 

a)  Verify  that  r^d  fuel  flow  modulation  will  not  adversely  affect  the  TS3  engine. 

Previous  work  performed  under  U.S.  Army  ccxitract  showed  that  this  ccmcept  is 
feasible  using  the  250  engine  (Reference  AVSCOM  Technical  Reports: 
USAAVRADCOM-TR-83-D-1,  Adt^ve  Fuel  Contrcd  Feasibility  Investigation, 
dated  1983;  USAAVSCOM-TR-86'D-14,  Adrqmtive  Electronic  Fud  Ccmtrol  for 
Helic(^)t^..2S0  Ermine  Testing  and  20^  Hdioc^Mer  Flight  Test,  dated  1986). 
There^,  a  high  confidence  level  exists  that  foe  rocket  fire  problm  can  be 
solved  by  mcxlulating  fuel  flow  as  described  herdn. 
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b)  Verify  die  engine’s  &st  path  fuel  flow  to  torque  relationship.  Combusdve 
dan^g  of  die  drive  train  resonances  is  highly  dqmdent  on  diis  gain.  Ibe  final 
-control  design  requires  an  accurate  definition  of  dtis  padi. 

c)  Verify  the  engine’s  combustor  and  gas  generator  small  signal  response 
characteristics  b^ond  the  tail  rotor  resonant  frequency  of  ^iprmdmately  10  Hz. 
Again,  the  final  ccHitrol  design  requires  a  good  de^titxi  of  the  core  engine 
response. 

Tbe  engine  test  can  be  performed  with  the  existing  TA  control  and  an  off-the-shdf  PC  based 
ccHitroller  q^erating  a  high  respcxise  fud  valve  that  is  switdied  in  at  various  opoating  oxiditicxis 
of  die  engine  to  modulate  Wf  about  the  steady  running  cxmdition. 

4)  Dqjending  on  the  success  d  the  above  enpie  test,  an  AH-l/ISS  Cobra  flight  test  demonstration 
is  recommended.  A  single  channel  FADEC  inter&ced  to  the  modified  TA  oxitrol  is 
recommended  to  insure  flight  worthy  hardware.  The  objectives  of  this  test  are: 

a)  Demonstrate  combustive  damping  of  the  rotor  drive  train.  Torsionals  can  be 
easily  induced  on  the  Cobra  drive  train  by  modulating  PLA. 

b)  Demcmstrate  enhanced  maneuvering  capability  and  handling  qualities. 

c)  Demonstrate  insensitivify  of  die  system  to  rocket  fires. 

5)  Dqiending  on  the  success  of  the  flight  test  demaistratioi  and  a  life  cycle  cost  study,  it  is 
recommended  that  die  FADEC  system  widi  TA  hydromechanical  back^  be  considoed  for 
incorporatioi  into  a  U.S.  Army  or  Natioial  Guard  fleet  of  Cobra  hdicqiters.  Or,  the  advanced 
control  concqHs  can  be  incorporated  into  modem  FADEC  equipped  helicqiters  such  as 
Comanche. 
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list  ci  Symlx^  and  Acronyms 


AATD 

Aviation  Applied  Technology  Directoiate  (U.S.  Anny) 

ADOT 

Helicopter  Vertical  Velodly 

AVSCOM 

Aviation  Systems  Command  (U.S.  Army) 

BEEP 

Pilot’s  Rotor  Speed  Trim  to  TA  Control 

BF 

Power  (Free)  'Hnbine  Damping 

RTFFn 

Engine  Bleed  Band  Position 

BR 

Rotor  Dan^g 

BT 

Tail  Rotor  Damping 

C/P 

Pilot’s  Collective  Pitch  Input 

CDP 

Compressor  Disdtaige  Pressure 

FADEC 

Full  Authority  Digital  Electronic  Control 

IGV 

Engine  Inlet  Guide  Vane  Position 

JF 

Power  (Free)  TViibine  foertia 

JGB 

Gear  Box  Inertia 

JR 

Main  Rotor  Btertia 

JT 

Tail  Rotor  Inertia 

KR 

Main  Rotor  Mast  Spring  Rate 

KS 

Engine  Ou^t  Shaft  Spring  Rate 

KT 

Tail  Rotor  Shaft  Spring  Rate 

N1 

Gas  Generator  Speed  Computer  Output  CTA  Control) 

NASA 

National  Aeronautics  and  Space  Administration 

NDOT 

Gas  Generator  Accdoation 

NF 

Power  (Free)  Turbine  Speed 

NG 

Gas  Generator  Speed 

NGB 

Gear  Box  (Engine  to  Rotor  Drive  Train)  Speed 

NR 

Main  Rotcv  Speed 

NT 

Tail  Rotor  Speed 

PI 

Engine  Inlet  Pressure 
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PAMB 

PB 

PC 

PEDALS 

PLA 

PM 

PN 

PS 

PTG 

QD 

QF 

QRS 

QS 

QTS 

SHP 

T1 

TISENSE 

T4.5 

TA 

TECOM 

WF 

WFSS 

WFMV 

XDOT 

YAW 

6 

0 


Ambient  Pressure 

Boost  Pump  Pressure  (TA  Control) 

Czx  Pressure  (TA  Coitrol) 

Pilot’s  Tail  Rotor  Pitch  Input 
Power  Lever  Angle  (TA  Control) 

Metering  Valve  Discharge  Pressure  (TA  Control) 
Engine  Nozzle  Fuel  Pressure 
Servo  Pressure  (TA  Control) 

Power  'Errbine  Governor 

External  Torque  Disturbance  to  Rotor  Drive  Train 

Engine  Gas  Torque 

Main  Rotor  Mast  Torque 

Engine  Ouq)ut  Shaft  Torque 

Tail  Rotor  Shaft  Torque 

Engine  Shaft  Horsepower 

Engine  Inlet  Temperature 

Lagged  T1  Sensor  Ouq)ut  (TA  Control) 

Interstage  Ttirbine  Temperature 
Turbine  Assembly 

Test  and  Evaluation  Command  (U.S.  Army) 
Engine  Fuel  Flow 
Engine  Steady  State  Fuel  Flow 
Metering  Valve  Position  (TA  Control) 

Helicopter  Forward  Velocity 
Helicopter  Heading  Change 
Pl/14.7 

(Tl  +  460)/519 

Linearized  First  Order  Time  Constant 
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list  of  Eigiires 

Figure  1  -  AH-1/T53  Engine  Gxitiol  System 
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